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INTRODUCTION
Although pollinators undoubtedly play a key role in terrestrial ecosystems, distributions of most pollinator taxa remain poorly characterized. This phenomenon is common to many taxa but is particularly severe among invertebrates, including many pollinator taxa (Wilson 1992) . The general public seems to have the impression that European honey bees (the introduced species, Apis mellifera) and bumble bees (Bombus spp.) are virtually the only pollinators (Buchmann and Nabhan 1996) . The reality differs markedly. Thousands of species in North America contribute to pollination, a key ecosystem service (Daily 1997) , including bats (Chiroptera), butterflies and moths (Lepidoptera), and particularly bees and wasps (Hymenoptera); flies such as Diptera (Kearns 2001) and beetles (Coleoptera) can also be pollinators. Declines in natural and honey-bee pollination rates may contribute to a pollination deficit in agricultural ecosystems, with serious consequences to food supply systems (Allen-Wardell et al. 1998 , Kevan 2001 ).
Lepidopterans, particularly butterflies, are perhaps the best studied of all pollinator taxa, but are less important pollinators than bees. Available data about species distribution throughout much of North America are reliable, at least from a regional perspective, and may provide the basic information necessary to begin studying the effects of future human environmental disturbances. Surprisingly little has been done to document complete patterns of diversity even among butterflies, although many resources provide single-species distributions: see particularly http://www.npwrc.usgs.gov/resource/distr/lepid/bflyusa/bflyusa.htm and http://habanero.nhm.ukans.edu/ SpeciesAnalyst/. Many taxonomic monographs for less well studied taxa include maps of species distributions based on various, but generally low, sampling intensities. Consequently, among complete pollinator taxa, large-scale diversity patterns in North America can most reliably be investigated for butterflies. Sampling intensity for butterflies throughout much of North America and Europe is comparatively high, aided by a considerable amateur interest in these species that is, perhaps, second only to that in birds.
In this study, I review the effects of climate change on pollinators and provide a first analysis of the biodiversity patterns for the butterflies of Canada, a complete pollinator taxon. A geographically broader analysis that includes several hundred lepidopterans, mostly moths, in Canada and the United States has been published elsewhere . Although butterflies are a potentially useful flagship taxa among pollinators and for other species in general, surprisingly little has been done to characterize their diversity patterns using spatially explicit database technology. New analytical and remote sensing techniques, both statistical and technological, will help discover patterns that would be difficult to discern using older methods, and allow for much greater precision and accuracy.
CLIMATE CHANGE AND BUTTERFLY SPECIES RICHNESS
The human influence on climate is surprisingly pervasive. For example, continental declines in precipitation in industrialized regions can be attributed to an increase in atmospheric particulate matter that inhibits raindrop nucleation (Rosenfeld 2000) . Storm timing and frequency are influenced by industrial aerosols on the Atlantic seaboard of North America (Balling and Cerveny 1998). Most significantly, the global climate has been changing as a result of increasing greenhouse gas emissions since the beginning of the industrial revolution. The potential negative consequences of shifts in temperature, precipitation, and seasonality are sweeping and might easily become catastrophic over the next several decades. Many reviews of climate change theory and its possible biological consequences are available (Houghton et al. 1994 , Bazzaz 1998 .
Regional shifts in species distributions observed in Europe and North America offer strong circumstantial evidence that climate change is already affecting pollinator taxa. Recent evidence suggests that the northern distributional limits of many species in Europe have extended northward in conjunction with climate changes that took place during the 1900s (Parmesan 1996 , Parmesan et al. 1999 ), a predictable result considering the climatic tolerances of these species (Kukal et al. 1991) . Among 40 butterfly species used in the analysis of range retraction northward from their southern extents, only nine were found to have lost part of their southern ranges, while the southern ranges of most species have remained stable for the last 30-100 years. According to Parmesan et al. (1999) , possible reasons for the low number of range retractions include the fact that (1) southern boundaries may be determined by interspecific interactions, (2) climatic factors in southern Europe and northern Africa have changed much less than in northern Europe, and (3) there are many potential refugia in regions corresponding to the southern limits of many species, such as the Pyrenees of southern France and northern Spain. The first two premises are strongly supported by experimental evidence from a few butterfly species (Kukal et al. 1991) . Range retractions northward among species in Europe are to be expected if climate change is causing species ranges to shift, although other interpretations of Parmesan et al.'s (1999) results are possible. Although every effort has been made to eliminate from this study species whose ranges have shifted because of habitat alteration, this cannot be ruled out as an alternative explanation for at least some species (P. A. Opler, personal communication) . This is always a problem with circumstantial evidence. However, the argument that climate change has already affected species ranges is considerably strengthened by complementary studies that demonstrate similar phenomena among birds (Thomas and Lennon 1999) and Euphydryas editha, a butterfly in the western USA (Parmesan 1996) . Damage caused to biotic communities of nonpollinator taxa by climate change has also been documented. For example, precipitous declines in high-altitude amphibian communities in a Costa Rican cloud-forest habitat would appear to coincide with recent climatic changes (Pounds et al. 1999 ).
There is some early evidence that butterfly diversity in Canada is responding to climate changes that have occurred during the last few decades. At least two species, the Gorgone checkerspot (Chlosyne gorgone) and the Delaware skipper (Anatrytone logan), recently established breeding populations near Ottawa, Ontario, well beyond the previous northern limits of their respective ranges (P. W. Hall, personal communication). These butterflies are conspicuous, and their new localities are frequently surveyed by specialists, so there is little likelihood that these populations have been long established. Additional support for the circumstantial case that climatic changes have caused this range expansion northward is provided by the finding that a third species, the Tawny-edged skipper (Polites themistocles), from an area near Ottawa, now has a second generation during the longer warm periods in the region. These intriguing observations are consistent with other observations of range shifts from North America (Parmesan 1996) , and with discoveries of extensive butterfly distribution shifts in Europe (Parmesan et al. 1999) . Earlier studies of lepidopterans (Turner et al. 1987 ) demonstrated that contemporary climate was important in determining spatial patterns of butterfly diversity in Canada, so there is reason to believe that further shifts in butterfly species distributions will occur because of the effects of climate change.
A few other studies document shifts in pollinator species ranges that can be attributed to anthropogenic climate change. Bryant et al. (1997) considered it likely that two nymphalid butterflies had shifted their ranges because of recent climate change, but most studies tend to focus on the anticipated biotic consequences of future changes (Sparks and Yates 1997) . Few species or higher taxa, even in the UK where most taxa have been painstakingly documented, have been monitored over a long enough period or so intensively that observed range shifts can be attributed to recent climate changes. Changes in the distribution of a taxon are more often attributed to habitat loss, or perhaps to habitat fragmentation (Cane 2001). In most cases, this is probably the correct diagnosis (Swengel 1998a; Kerr et al. 2000) . As climate change becomes increasingly obvious, it will more frequently be considered as a possible cause of shifts in the distribution of organisms (Pollard et al. 1996 , Mikkola 1997 , Tarrier and Leestmans 1997 , Fleishman et al. 1998 ).
The direct effects of elevated atmospheric carbon dioxide concentrations on pollinators and their mutualistic plant hosts are also difficult to predict. Indirectly, elevated atmospheric CO 2 is expected to modify ratios of carbon and nitrogen in plant tissues (Bazzaz 1998), possibly leading to changes in patterns of herbivory by organisms such as butterfly larvae (Rusterholz and Erhardt 1998) . How this might affect communities of pollinators is uncertain. Furthermore, increasing concentrations of CO 2 in the atmosphere will probably lead to changes in plant community structure, particularly in the proportions of C 3 and C 4 plants in a given habitat (Bazzaz 1998). It is too early to say whether these effects will influence the conservation status of particular pollinator species. However, stresses to ecosystems that are caused by climate change will act synergistically with other forms of human perturbation (Myers 1992) , and the results of such synergisms cannot yet be predicted.
A thorough understanding of why species richness varies through space is useful when attempting to predict how it will respond to climate change or other perturbations (Kerr and Packer 1999) . Thousands of studies have investigated the basis for spatial variation in species richness (Currie et al. 1999) , but relatively few of these involve invertebrates (Kerr 1999) , and an even smaller number focus on pollinator taxa . The preponderance of empirical evidence suggests that regional variability in species richness is related to aspects of climatic energy (Wright 1983 , Currie 1991 , Wright et al. 1993 , with additional influences of habitat heterogeneity (Kerr and Packer 1997, Fraser 1998) . In general, climatic energy is able to explain 60-90% of the variability in species richness in cold and temperate areas, a finding of obvious importance in view of ongoing climatic change. Although many other hypotheses have been offered to explain regional patterns, there is not as much evidence to support them. An example is Rapoport's rescue hypothesis (Stevens 1989) , but this is controversial and does not provide general explanations (Kerr 1999) . Other hypotheses suggest that rates of evolution are higher in places with many species, thus accounting for regional variability, but there is virtually no evidence in support of this either (Cardillo 1999, Kerr and Currie 1999) .
The predictability of biotic responses to climate change is probably scale dependent. Elaborate microcosm experiments (Davis et al. 1998) , which are most convincing when they are supported by field observations (Brown et al. 1997) , suggest that interspecific interactions, and perhaps even chance events, may play a substantial role in determining the habitat-level consequences of climatic alterations. Given the local scale at which biotic interactions (e. g., competition, predation) occur, this is only to be expected. However, these arguments, although they can be persuasive from a certain perspective, do not apply to large-scale predictions (Kerr and Packer 1998) , nor are they supported by the substantial empirical record documenting species range shifts in conjunction with shifting climatic zones (Graham et al. 1996) . Although it may be possible to predict the effects of climate change on the numbers of species in a region ( Bazzaz 1998, Kerr and Packer 1998), it will be much harder to predict how individual species may respond; this will require detailed study of butterfly communities across geographical gradients (Swengel 1998b) .
CURRENT SPECIES RICHNESS PATTERNS AMONG CANADIAN BUTTERFLIES
This analysis of butterfly diversity patterns in Canada is based on the full Canadian National Collection (CNC) database. The CNC collection contains more than 110,000 records of 292 butterfly and skipper species recorded during the 1900s in Canada (Layberry et al. 1998) . Records are stored according to precise latitudinal and longitudinal coordinates. There are a number of advantages to a database of this kind. First, collection intensity is high, so the patterns that emerge from an analysis of all species records are robust. Second, the distributions of the constituent species are not interpolated to produce continuous range maps. This is commonly done in the production of range maps for taxa across large geographic ranges and creates significant problems of increased spatial autocorrelation for the purposes of analysis. Spatial autocorrelation is discussed in greater detail below.
Methods
Three different quadrat systems were constructed for the analysis of butterfly diversity across the complete, extensive terrestrial area of Canada. Two of these systems were equal in area and extended over two and five degrees of latitude, respectively, with variable longitudinal extent because degrees of longitude cover progressively less distance toward the poles. The third system was a digital version of a commonly used system (Currie and Paquin 1987, Kerr and Packer 1997) consisting of quadrats that are 2.5° x 2.5° south of 50° latitude and 2.5° latitude x 5° longitude north of this mark. Although the area varies among the quadrats in Currie's grid system, repeated studies (Currie 1991, ) have failed to find any indication that these small variations in quadrat area have a significant effect on the diversity of any vertebrate, plant, or invertebrate taxa. The C++ programs (AT&T C++, version 2.1) used to build these systems and other software developed for this project are available free of charge from the authour or from the Spatial Ecology of Canadian Biodiversity link at http://mathbiol.zoo.ox.ac.uk/jeremy/.
By means of an additional program, the number of species occurring in each of the quadrats in all three quadrat systems was tallied to produce the database for butterfly species diversity across Canada. Species records that occurred more than once in the same quadrat, either because a species was recorded more than once in the same location over different years or because the same species was recorded in two locales within one quadrat, were eliminated. Consequently, no species was recorded more than once per quadrat. The resulting diversity values were assigned to each quadrat in the respective quadrat systems in Idrisi 32 for Windows (Fig. 1) . The total number of records per quadrat was tallied for the largest (5°) and smallest (2°) quadrat systems, and these values were regressed against species richness. This provided a measurement of sampling intensity that was unbiased with respect to actual diversity per quadrat. Residual values were assigned to the quadrats in Idrisi 32 for visual inspection of a sampling intensity map. Fig. 1 . Spatial patterns of butterfly diversity in Canada using the 2° quadrat system. This database includes just over 113,000 records for 292 species. Similar patterns are observed on the unequal area and the 2° grid systems, respectively. The gradient of richness is from blue (few species) to red (many species).
The extent of spatial autocorrelation in the data was measured by calculating a series of Moran's I values with increasing lag. This method tests for spatial autocorrelation between sampling quadrats as the distance between them increases from adjacent (lag = 1) to the point at which the significance of the Moran's I statistic declines to zero (lag > 1). The plot of Moran's I statistics against lag distance is known as a correlogram and is presented here for each of the quadrat systems used in this study (Fig. 2) . Spatial autocorrelation beyond the distance where the Moran's I statistic became nonsignificant was not measured, because there was no plausible biological reason why there should be negative spatial autocorrelation over large geographical gradients in this analysis (Kerr et al. 2000) .
Fig. 2.
Spatial autocorrelation observed for spatial patterns of butterfly species richness using each of the three grid systems developed for this study (blue circles, 5° quadrat system; red squares, unequal-area quadrat system; green diamonds, 2° quadrat system). Spatial autocorrelation, measured as Moran's I, declines with increasing distance between study quadrats regardless of quadrat size, contrary to unusual observations from a single study of Wyoming vertebrates (Fraser 1998) . That distance varies with the resolution of the grids, which ranges from 2° to 5°.
Each sampling grid was superimposed over digital climatic maps using Idrisi 32 for Windows; the environmental predictors used are summarized in Table 1 . For each quadrat in these grids, the annual mean, minimum and maximum values were extracted for each of the study's climate variables. These included actual and potential evpotranspiration, temperature, primary productivity as described in the Chikugo model (Uchijima and Seino 1985) , and precipitation (all at 30-min resolution). Net primary productivity was included because it is a method of measuring the amount of energy available for use by the biota and because it is itself derived from other measurements of climate. Land cover variability (8-km AVHRR)
Similar analyses were performed for measurements of habitat heterogeneity based on a digital elevation model at 5-min resolution, Holdridge data sets (Leemans 1990 ), Olson biome maps at 30-min resolution (Olson et al. 1983) , and remotely sensed land cover data based on 8-km AVHRR satellite data (DeFries et al. 1998 ). Aspects of elevation included relief (the difference between maximum and minimum elevations), mean, minimum, and maximum elevations. Measurements of biome and land cover variability included a simple count of the number of different biome or land cover types per quadrat, respectively.
Bivariate plots of all hypothesized environmental factors were constructed with butterfly species richness for each of the three study grid systems. Square root transformations were used to adjust for minor problems with heteroscedastic residuals when these occurred. Linear regression or, for nonlinear relationships, polynomial regression analyses were used to further explore the relationships between contemporary environment and butterfly richness. A multiple regression model to predict butterfly richness in each of the grid systems was constructed using a combination of standard forward and backward stepwise regression techniques (Zar 1984) .
Results and discussion
Patterns of butterfly species richness discovered here were found to be similar to those of many other taxa studied using coarser data, including Cicindelidae (Kerr and Currie 1999) , mammals (Kerr and Packer 1997) , and birds (Currie 1991). Butterfly diversity generally declines to the north and east but is highest in southern Ontario and the south-central Great Plains. In both regions, there are areas of relatively low diversity. Diversity is lowest in the eastern arctic and higher in the heterogeneous western arctic. Many of the species found in these regions are most broadly distributed in the United States and have only a small proportion of their ranges in Canada. The most parsimonious explanation for the similarity among the species richness patterns of so many taxa in this geographical area is that the same factors control these patterns (Currie et al. 1999) .
Butterfly diversity increases with high regional habitat heterogeneity (land cover variation) and climatic energy (potential evapotranspiration). These factors explain most of the variation in butterfly richness (50-80%) seen in Fig.  3 , Fig. 4 , and Table 2 . However, the predictability of these regional scale models declines with quadrat size. There are a number of possible reasons for this. Although butterfly data are among the best available for any taxon, perhaps second only to those available for birds, data sampling intensity is not equally strong everywhere, as explained below. The number of records of butterfly species per quadrat necessarily declines with quadrat size. At finer spatial scales, there is progressively less potential for variation between adjacent quadrats, reducing the detectability of geographical gradients of diversity. Ecological factors, chance, and anthropogenic modifications to the environment all play a role in determining whether butterfly populations can be found within individual habitats, and these factors are more likely to have a quantitative effect as quadrat size declines.
Fig. 3.
Butterfly species richness and land cover variation as measured by the number of land cover types per quadrat. Land cover is derived from the classification by DeFries et al. (1998) of global AVHRR data at 8-km resolution. This measure of habitat heterogeneity, which is a simple count of the number of land cover types occurring within each quadrat, is strongly correlated with richness (R 2 = 0.67).
Fig. 4.
Butterfly species richness and average annual potential evapotranspiration (PET, measured in mm/yr), both square-root transformed to stabilize residual variation. PET is a comparably strong predictor of butterfly species richness in Canada with land cover variation (R 2 = 0.66). Table 2 . Multiple regression models incorporating land cover variability and potential evapotranspiration. Butterfly richness is square-root transformed in all models. Potential evapotranspiration and land cover variation are comparably strong at all scales in these analyses. Factor p refers to the significance level of the individual variable within the regression model, whereas model p refers to the significance level of the model itself.
Quadrat size Factor Model r 2 (factor p) n (model p value) 5°land cover variability 0.67 (< 10 -6 ) 78 (< 10 -6 ) 5°potential evapotranspiration 0.79 (< 10 -6 ) 78 (< 10 -6 ) 5°m inimum elevation 0.83 (< 10 -4 ) 78 (< 10 -5 ) 2°potential evapotranspiration 0.41 (< 10 -6 ) 371 (< 10 -6 ) 2°land cover variability 0.49 (< 10 -6 ) 371 (< 10 -6 ) 2.5° x 5°potential evapotranspiration 0.42 (< 10 -6 ) 161(< 10 -6 ) 2.5° x 5° land cover variability 0.52 (< 10 -6 ) 161 (< 10 -6 ) If the correlations reported here between contemporary climate and habitat heterogeneity are causative, climate change is likely to have significant effects on diversity patterns on a regional scale. These effects will operate directly through changes in aspects of climate, particularly those that are heat-related, and through changes in habitat diversity. Earlier conceptual models suggest that regional-scale habitat diversity will decline in a rapidly warming climate (Peters and Darling 1985) . Observational results for high-altitude communities of desert mammals support this model (McDonald and Brown 1992) , although these are disputed (Skaggs and Boecklen 1996) ; additional support is provided by studies of Euphydryas editha butterfly communities (Parmesan 1996) and European butterflies (Parmesan et al. 1999) . Easterling et al. (2000) summarize some major biotic consequences of climate change, underscoring the essentially unpredictable nature of climatic changes at local spatial scales. Long-term geological evidence suggests that mass extinctions may be caused by unexpected variations in annual climate, primarily because of a lack of physiological tolerance for unusually cold conditions (Ivany et al. 2000) 
SAMPLING INTENSITY AND SPATIAL AUTOCORRELATION
Although spurious patterns of biological diversity often emerge because of enormous variations in sampling intensity in different geographic locations, this phenomenon is unlikely to have a qualitative influence on the patterns observed in this study. To test this proposition, the relationships between butterfly species richness and land cover variability and between species richness and potential evapotranspiration were examined. If sampling intensity was, in fact, a major cause of the diversity patterns observed, these relationships should have been strong. Instead, the relationship between sampling intensity, as measured by the number of records for all species per quadrat, and potential evapotranspiration was relatively weak, as was the relationship between sampling intensity and land cover variability per quadrat (R 2 = 0.19-0.34). Correlations between butterfly richness and energy and between richness and heterogeneity were about twice as strong at all spatial scales. Furthermore, patterns of Canadian butterfly diversity were consistent at different spatial scales: those observed in the 2° quadrat system strongly resembled those from the variable area and 5° systems, respectively. Variation in sampling intensity is a likely source of "noise" in the relationships between richness and environmental factors that inversely relates to quadrat size, providing one explanation for the decline in the coefficient of determination of regression models with decreasing quadrat size.
Spatial autocorrelation is significant among butterfly diversity observations and declines at a similar rate with increasing distance between observations at all spatial scales (Fig. 4) . Unlike the unusual result reported for GAP data for Wyoming vertebrates (Fraser 1998) , spatial autocorrelation is still significant at larger spatial scales (5° quadrats). This makes sense: results suggesting that diversity values in adjacent sampling locations do not covary are contradictory to the results widely observed at many spatial scales (Legendre and Legendre 1998: 8) .
Most large-scale studies of species diversity patterns have relied on interpolated data that increase spatial autocorrelation and numerous "false presence" values for species in a quadrat (Adams and Woodward 1989). Knowledge of the distribution of a species over geographical ranges consists of the sum of the sampling locales at which its presence has been recorded. These sampling locales are often joined together to form a continuous species distribution map, e.g., http://woodland.bio.ic.ac.uk/research/tigerb/rangepaper.htm. Although the study species may not actually be found in the areas in between sampling points, it will nevertheless be recorded as present. As a result, such highly interpolated data will not only contain many errors compared to a well-sampled point map but also inflate problems with spatial autocorrelation by creating smoothed diversity patterns (Williams and Gaston 1996) .
